The leu-500 mutation can be suppressed in S. typhimurium topA. Previous studies have demonstrated that the plasmid-borne leu.500 minimal promoter cannot be activated in topA mutants unless adjacent (<250 bp) transcription occurs away from the leu-500 promoter (short-range promoter interaction). To search for a potential upstream promoter responsible for activation of leu.500 in the chromosomal context, we have identified the ilvlH promoter, located 1.9 kb upstream of leu.500 (long-range promoter interaction). Different from short-range promoter interaction, which is abolished by DNA sequence insertions, the long-range promoter interaction is mediated by the intervening DNA sequence. These studies suggest that the long-range interaction between a pair of divergently arrayed promoters is probably mediated by a complex process involving relay of DNA supercoiling by the DNA sequence located between the two promoters.
Introduction
DNA supercoiling has been recognized to play important roles in gene expression regulation (Smith, 1981; Gellert, 1981; Wang, 1985; Pruss and Drlica, 1989) : expression of numerous prokaryotic genes has been found to be altered in DNA topoisomerase mutants (DiNardo et al., 1982; Sternglanz et al., 1981) .-Lack of DNA topoisomerase I (TopA) often results in higher rates of induction of genes involved in nutrient biosynthesis and metabolism, such as the leucine biosynthesis and 13-glucosidase genes (Trucksis et al., 1981; DiNardo et al., 1982; Sternglanz et al., 1981) . Expression of eukaryotic genes, such as the fibronin and sericin genes of silk gland cells, has also been shown to be affected by the degree of DNA supercoiling (Hirose and Suzuki, 1988) .
However, different genes vary in their response to changes in overall, or global, DNA supercoiling. For exampie, while expression of the gyrA or gyrB gene is activated upon a decrease in negative superhelicity (Menzel and Gellert, 1987) , only gyrA expression in a chromosomal context increased. In contrast, the expression of a gyrA promoter fused to the galK gene on a plasmid (pGAK1) decreased when supercoiling of both chromosomal and plasmid DNAs increased owing to a treatment with low concentrations of oxolinic acid (Franco and Drlica, 1989) . The fact that the same promoter in different cellular Iocations responds differently to the same change in global DNA supercoiling has suggested that a change in local, rather than global, supercoiling is involved in transcription regulation. The molecular mechanism(s) responsible for the effects of local supercoiling, however, remains undefined.
Expression of the leucine operon is one of the best examples illustrating the complexity of DNA supercoilingdependent transcription regulation. The leu-500 mutation is an A to G transition in the -10 region of the leucine promoter that abolishes promoter activity and results in leucine auxotrophy in Salmonella typhimurium (Mukai and Margolin, 1963) . Mutations of the DNA topoisomerase I gene (topA) have been shown to suppress the leu-500 mutation and restore leucine prototrophy (Dubanau and Margolin, 1972; Trucksis et al., 1981) . The suppression of leu-500 mutation correlated only with the absence of TopA and apparently had no correlation to the global level of DNA supercoiling (Richardson et al., 1984 (Richardson et al., , 1988 . More interestingly, topA-dependent suppression occurs when the leu-500 promoter is located in its original chromosomal location, but not when the leu-500 promoter (positions -80 to +87 of the operon) is subcloned in extrachromosomal DNA (Richardson et al., 1988) . This surprising observation supports the notion that changes in local rather than global supercoiling are involved in the activation of the leu-500 promoter. Indeed, activation of the leu-500 promoter in topA mutants on plasmid is shown to require adjacent transcription (Tan et al., 1994; Chen et al., 1992 Chen et al., , 1993 , which presumably provides local negative supercoiling through transcription-driven supercoiling changes (Liu and Wang, 1987; Wu et al., 1988) . This kind of promoter-promoter interaction is very short-ranged (<250 bp) (Tan et al., 1994) .
The above results suggested that a potential transcription unit upstream of the leu-500 promoter may be responsible for the activation of leu-500 in topA mutants. However, no such unit could be identified in searches up to position -857 of the 5' region upstream of the leucine operon (Richardson et al., 1988) . In the present study, we have extended the search beyond position -857. We found that plasmid-borne leu-500 can be activated when the coinserted upstream DNA sequence reaches 1.9 kb to include the divergently arrayed ilvlH promoter (Squires et al., 1983) . Moreover, replacement of the ilvlH promoter with an inducible lac promoter leads to similar leu-500 activation at this great distance (long-range promoter interaction). Interestingly, in contrast with short-range promoter interaction, which is abolished by DNA sequence insertion between the two promoters, long-range promoter interaction is mediated by the intervening DNA sequence.
Our findings suggest that expression of the ilvlH and leuABCD operons is tightly coordinated. This coordination of gene expression is presumably dependent on a mechanism that is initiated by transcription-mediated local supercoiling changes and relayed to a distant promoter by intervening DNA sequence element(s). (Gemmill et al., 1983 ) and used to replace the small BamHI-Hindlll segment of pWU800 (Table 1) . These constructions resulted in three plasraids, pWU801, pWU802, and pWU804. The leu-500 promoters are oriented toward the promoter-free coding region of galK in these three plasmids. If present, the ilvlH promoter is oriented toward the bla gene.
(A) Primer extension results using RNAs isolated from pWU801-, pWU802-, and pWU804-harboring CH582 cells grown either in SSA medium without leucine supplement (lanes 1, 2, and 3, respectively) or in SSA medium with leucine supplement (lanes 4, 5, and 6, respectively).
(B) To quantitate leu-500 promoter activity, we used a mixture of three primers in these primer extension reactions to detect transcripts from the leu-500, bla, and ilvlH promoters simultaneously. Quantitative results using RNAs isolated from pWU801-and pWU804-harboring CH582 cells grown either in SSA medium without leucine supplement (lanes I and 2) or in SSA medium with leucine supplement (lanes 3 and 4).
Results
The Plasmid-Borne leu.500 Promoter Can Be Activated When the Coinserted Upstream Sequence Reaches the Divergently Arrayed ilvlH Promoter
To search for the potent]at upstream transcription unit responsible for/eu-500 activation, we subcloned the/eu-500 promoter and various lengths of its 5' upstream sequences in the parental plasmid pWU800 (Figure 1 ; Table 1 ). The activities of the inserted leu-500 promoters were monitored using primer extension. The primer hybridizes only to the plasmid DNA sequence immediately downstream of the leu-500 promoter so that RNA initiated only from the plasmid-borne, but not the chromosomal, /eu-500 promoter is detected. The leu-500 promoter remained inactive in pWU801 containing only the 167 bp of the minimal leu-500 promoter sequence ( Figure 1A , lane 1). Coinsertion of the upstream DNA sequence up to position -554, which includes the evolutionariiy conserved AT-rich sequence, was ineffective in activating the leu-500 promoter on pWUS02 ( Figure 1A , lane 2). The leu-500 promoter was activated in pWU804 when the coinserted upstream sequence was large enough also to include the promoter of the ilvlH operon ( Figure 1A , lane 3). The #vlH operon is located 1.9 kb upstream of and transcribed in an orientation away from the leuABCD operon (Squires et al., 1983) . The RNAs used in the above experiments were isolated from strain CH582, a S. typhimurium topA mutant, grown in a synthetic medium, SSA, without leucine supplement ( Figure 1A , lanes 1-3). The expression of the ilvlH promoter has been shown to be regulated by the binding of the leucine-responsive regulatory proteins (LRPs) to sites upstream of the ilvlH promoter (Wang et al., 1993) . In the presence of leucine, LRPs are prevented from binding to their cognate sites located immediately upstream of the ilvlH operon, which results in the inactivation of the ilvlH promoter (Platko et al., 1990) . Derived from pED101 (Mckenney et al., 1981) and contains multiple cloning sites between the ~-Iactamase gene and coding region of the galactokinase The minimal 167 bp leu-500 promoter sequence (+87 to -80) was inserted between BamHI and Hindlll sites of pWU800 The leu-500 promoter and its upstream sequence (+87 to -554) was coinserted between BamHI and Hindlll sites of pWU800 The leu-500 promoter and its upstream sequence, which is large enough to include the promoter of ilvlH operon (+87 to -1905), was coinserted between BamHI and Hindlll sites of pWUS00 500 bp AT-rich sequence (-554 to -83 of leu operon) was deleted from pWU804 Contains the entire 1.9 kb insert of pWU804, except that 87 bp (positions +52 to -35 of ilvlH operon) was deleted A 228 bp lac promoter sequence in pWU701 was used to replace the #vlH promoter in pWU804
This leucine-dependent regulation of ilvlH promoter activity provides a convenient tool for us to test the effect of ilvlH promoter activity on leu-500 activation. Therefore, the same set of experiments were carried out in SSA medium with leucine supplement ( Figure 1A , lanes 4-6). Indeed, in the presence of leucine, the leu-500 promoter on pWU804 was inactive ( Figure 1A , lane 6). Similarly, the leu-500 promoters containing shorter upstream sequences on the other two plasmids, pWU801 and pWU802, remained inactive ( Figure 1A , lanes 4 and 5, respectively).
To rule out possibilities that insertion of foreign DNA sequences may alter plasmid functions (e.g., plasmid copy number or transcription activity on the plasmid), we have repeated the experiments by monitoring transcription of the ampicillin resistance gene bla on the plasmid as an internal control ( Figure 1B ). In these experiments, RNAs were isolated from CH582 harboring either pWU801 ( Fig As expected, the ilvlH promoter in pWU804 was activated in cultures grown in the absence of leucine ( Figure 1B , lane 2), while its activity was suppressed in the presence of leucine ( Figure 1B, lane 4) . Owing to lack of the ilvlH promoter on the plasmid, flvlH transcripts were not detected in CH582 containing pWU801 regardless of the presence or absence of leucine ( Figure 1B , lanes 1 and 3, respectively). Apparently, the leu-500 transcripts were detected only in pWU804-harboring CH582 when the flvlH promoter was present and active ( Figure 1B , lane 2).
ilvlH Promoter-Mediated Transcription Is Responsible for leu.500 Activation in a topA Strain Thus far, our results have clearly demonstrated that leu-500 promoter activation is tightly associated with the promoter activity of the ilvIH promoter, However, leu-500 activation in CH582 could be due to one of the following three possibilities when cells are grown in SSA medium without leucine supplement: first, the activation is due directly to ilvlH promoter-mediated transcription activity; second, the activation is solely due to the transcription regulators, LRPs, binding to the 1,9 kb sequence located between these two promoters; or, third, the activation requires both of the above described events simultaneously. To distinguish among these possibilities, we have constructed a plasmid, pWU805, with an 87 bp (position +52 to -35 of the flvlH operon) deletion to eliminate the ilvlH promoter (Table 1) . Otherwise, pWU805 is identical to pWU804.
pWU804 was used as a positive control, and significant amounts of both ilvlH and leu-500 transcripts were detected using RNA isolated from pWU804-harboring CH582 (lanes 1 in Figures 2A and 2B ). Strikingly, with the 87 bp deletion in pWU805, both ilvlH and leu-500 transcripts were no longer detectable in the primer extension reactions (lanes 2 in Figures 2A and 2B) . The above results indicate that ilvlH promoter-mediated transcription is crucial for leu-500 activation in CH582 and rule out the possibility that LRP binding to the intervening sequence alone
Abolishes leu-500 Activation The activity of the leu-500 promoter was analyzed using RNA isolated from either pWU804-or pWU805-harboring CH582 cells grown in SSA medium without leucine supplement (lanes 1 and 2, respectively, in [A]). Quantitative comparison, which simultaneously detected transcripts initiated from the ilvlH, bla, and leu-500 promoters, using RNA isolated from either pWU804-or pWU805-harboring CH582 cells grown in SSA without leucine supplement, is shown in lanes 1 and 2, respectively, in (B).
is responsible for the observed leu-500 activation. The difference in flvlH and leu-500 transcripts was not due to a variance in the copy number of pWU804 and pWU805 in CH582 since the bla transcripts were shown to be similar in amount ( Figure 2A , the bla section; Figure 2B , the bla transcript).
The Intervening Region between the ilvlH and leu.500 Promoters Is Required for Long-Range Promoter Interaction
We have demonstrated that transcription from the i/vlH promoter located 1.9 kb upstream of the leu-500 promoter is required for leu-500 activation in CH582 (long-range promoter interaction). However, we have shown previously that the leu-500 promoter can be activated by adjacent transcription only when the adjacent promoter is located within a short distance (< 250 bp) (short-range promoter interaction). Thus, leu-500 activation by an ilvlH promoter located at a relatively far distance of 1.9 kb may be mechanistically distinct from short-range effect, which is believed to be mediated by transcription-mediated local supercoiling changes. The 1.9 kb intervening DNA sequence itself may be indispensable in extending the effect of ilvlH transcription upon leu-500 promoter activation at this great distance. To test this possibility, we deleted the 500 bp evolutionarily conserved AT-rich sequence (Haughn et al., 1986 ) located upstream of the leuABCD operon. Surprisingly, this 500 bp deletion (pWU804[-AT]) severely impaired the transcription activity of both promoters, leu-500 and ilvlH (Figure 3, lane 2) . We also demonstrated that this 500 bp AT-rich sequence in the absence of the ilvlH promoter (pWU802) failed to activate the leu-500 promoter in pWU802 (see Figure 1A, lane 2) . In previous studies, the presence of this 500 bp AT-rich DNA sequence was shown to have no effect on either leu or ilvlH promoter activity when they were studied individually (Haughn et al., 1986; Squires et al., 1983) . This is in contrast with our present result, which shows that the same AT-rich sequence can activate both the ilvlH and leu-500 promoters. It appears that this AT-rich sequence is necessary in mediating the long-range interaction between the two distantly located promoters. However, the 500 bp ATrich sequence alone is apparently insufficient to mediate the long-range interaction between the lac and leu-500 promoters (data not shown).
Long-Range Promoter Interaction Mediated via the Intervening DNA Sequence Is Not Specific for the ilvlH Promoter
So far, two conclusions could be drawn: i/vIH promotermediated transcription plays a decisive role in leu-500 activation in CH582, and the intervening DNA sequence is important in mediating the long-range interaction between flvlH and leu-500 in CH582. It seems possible that the ilvlH promoter may specifically interact with the intervening DNA sequence. To test this possibility, we replaced the ilvlH promoter (pWU804) with an inducible lac promoter (pWU806). Surprisingly, the flvlH promoter can be functionally substituted by the lac promoter in activating leu-500 at a long distance ( Figure 4) ; the leu-500 promoter on pWU806 was activated in CH582, where the lac promoter is active owing to the absence of lac repressor (Figure 4 , lane 2). However, when the exogenous lac repressor was introduced by cotransforming pSO1010 into pWU806- The primer extension product using RNA isolated from pWU806-harboring CH582 cells grown in SSA medium with leucine supplement is shown in lane 2. The primer extension result of pWU806-and pSO1010-coharboring CH582, either without or with IPTG treatment, is shown in lanes 1 and 3, respectively. The labeled primer used to detect bla promoter activity was diluted 10-fold with unlabeled primer in this experiment, while the labeled primer used to detect lac promoter activity was undiluted.
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harboring CH582 for suppressing lac promoter activity, no leu-500 activation was observed (Figure 4, lane 1) . Activation of the lac promoter upon isopropyl-13-D-thiogalactopyranoside (IPTG) induction again restored leu-500 activation (Figure 4, lane 3) . These results indicate that an active transcription process mediated by the lac promoter rather than the 228 bp DNA sequence of the lac promoter is responsible for leu-500 activation on pWU806. It appears that the intervening DNA sequence may mediate the longrange promoter effect on leu-500 activation without promoter specificity.
The successful replacement of the ilvlH promoter with the lac promoter in activating leu-500 in CH582 has provided the opportunity to address an additional question regarding requirement of the topA mutation. Owing to the leu-500 mutation, the growth of CH601, the parental strain of CH582, is leucine dependent under normal conditions (Dubanau and M argolin, 1972; Trucksis et al., 1981) . Thus, none of the plasmid constructs containing the ilvlH promoter can be tested in CH601, owing to the suppression of expression of the ilvlH promoter in the presence of leucine during cell growth. However, pWU806, in which the lac promoter replaced the ilvlH promoter, can be used to assess the role of topA on leu-500 activation in CH601 since the expression from the lac promoter is expected to be unaffected by leucine. In the absence of the lac repressor, the lac promoter-mediated transcription did activate the leu-500 promoter of pWU806 in CH582 ( Figure 5 , lane 2). The activation of the leu-500 promoter in CH601 was relatively weaker than that in CH582 (compare lanes 2 and 3 in Figure 5 ). ThisAtopA genetic background-dependent leu-500 activation in pWU806 is similar to that in pWU701 (compare lanes 4 and 5 in Figure 5 ; Tan et al., 1994) . RNAs were isolated from CH582 or CH601 harboring pWU806 grown in SSA medium with leucine supplement. The primer extension products using these isolated RNAs are shown in lanes 2 and 3, respectively, while the products using RNAs isolated from CH582 or CH601 harboring pWU701 grown in SSA medium with leucine supplement are shown in lanes 4 and 5, respectively, as a positive control for this experiment. The primer extension product using RNA isolated from CH582 harboring pWU805 is shown in lane 1 as a negative control. The transcripts initiated from the lac promoter are shown separately in the box located at the bottom of the figure. Lanes 1-5 in the box correspond to the same lanes above the box.
Discussion
The observation that the leu-500 promoter is activated in topA mutants has stimulated much research in the past three decades (Mukai and Margolin, 1963; Dubanau and Margolin, 1972; Trucksis et al., 1981; Richardson et al., 1984) . The possibility that leu-500 activation is the consequence of a global supercoiling (overall. supercoiling) change brought about by the absence of TopA has been ruled out (Richardson et al., 1988) . Instead, recent studies have suggested that a local supercoiling change brought about by transcription-driven supercoiling from an adjacent promoter may be responsible for the leu-500 activation (Chen et al., 1992 (Chen et al., , 1993 Tan et al., 1994) . These studies, which employ artificial constructs with a leu-500 minimal promoter sequence embedded in a plasmid with local variations in transcription activities, have convincingly demonstrated that this promoter-promoter interaction is short-ranged (<250 bp). We and others have failed to identify an adjacent promoter immediately upstream of the leu-500 promoter. Instead, our experiments using extrachromosomal DNA have demonstrated that transcription activity from a distant ilvlH promoter (1.9 kb upstream) may be the cause of leu-500 activation in a topA mutant. Surprisingly, this long-range stimulation is dependent on the intervening DNA sequence and is nonspecific for the ilvlH promoter. The fact that part of this intervening sequence (the 500 bp AT-rich sequence) is necessary but not sufficient for long-range interaction has ruled out a straightforward possibility that the 1.9 kb intervening sequence simply contains elements (e.g., the 500 bp AT-rich sequence) for transmitting negative supercoiling between promoters. The entire intervening sequence may be indispensable in mediating the long-range interaction between the two promoters. If so, the long-range interaction between a pair of divergently arrayed promoters must be mediated by a complex process. What could be the mechanism for leu-500 activation by a distant promoter? Several possibilities come to mind. First, the intervening DNA sequence may be topologically inert. For example, the statistical length of the intervening DNA is much shorter, owing to protein-DNA interaction(s). In this case, the property of the 1.9 kb DNA in mediating DNA supercoiling in vivo may be topologically equivalent to a short piece of DNA of a few hundred base pairs. However, this possibility seems unlikely because the deletion of a part of the intervening sequence (e.g., the AT-rich region) abolishes rather than enhances leu-500 activation. Second, there may be cryptic promoters located in the intervening DNA. By promoter relay, the leu-500 promoter may be activated by a distant promoter. This possibility also seems unlikely because no additional transcripts are detected in this region. Third, there may exist a mechanism similar to the second possibility, except that the relay of the distant promoter is through protein-DNA interactions. For example, transcription from a distant promoter may activate the assembly of a protein-DNA complex(es) within the intervening DNA through transcription-driven supercoiling. The formation of the protein-DNA complex then activates the leu-500 promoter. The following scenario can be imagined. Transcription from the ilvlH promoter activates the formation of a transcription factor-DNA complex in the intervening DNA. This activation could be mediated through transcription-driven su percoiling and is therefore dependent on the absence of TopA. The activation of the leu-500 promoter in the second step by the binding of the transcription factor to the upstream sequence may be independent of local DNA supercoiling and therefore independent of the topA status. Of course, there may be multiple steps involved in this relay, each of which may use a distinct mechanism. For example, formation of a gyrase-DNA complex (perhaps with the aid of HU protein) (reviewed in Drlica and Rouviere-Yaniv, 1987 ) may be part of the relay mechanism also. We favor this possibility. However, further experiments are necessary to establish the molecular details of the mechanism.
While this long-range promoter interaction is observed for the leu-500 promoter, we cannot rule out the possibility that similar long-range promoter interaction exists for the wild-type promoter of the leuABCD operon. The leu-500 mutation may simply reduce the overall promoter activity. In this case, the wild-type promoter should be equally sensitive to this long-range interaction. This possibility is currently being tested. The stim ulatory effect of ilvlH transcription on leu-500 activation was not strictly dependent on the absence of TopA. Even in the presence of wild-type TopA, we have observed a significant stimulation of leu-500 transcription by ilvlH promoter-mediated transcription in CV468, a S. typhimurium LT2 strain (unpublished data). It is possible, therefore, that our current work may indicate a functional long-range interaction between the two promoters in wild-type situations.
The gene products of theilv/Hoperon comprise acetohy-droxy acid synthase III (AHAS III), which is involved in the biosynthesis of precursors for the downstream leucine biosynthesis controlled by the gone products of the leu-ABCD operon (Umbarger, 1987) . Under normal growth conditions, the other two AHAS isozymes, AHAS I and II, may be sufficient to support the biosynthesis of isoleucine, leucine, and valine (Umbarger, 1987) . However, AHAS III may be absolutely required for cell survival under stringent growth conditions. Once the ilvlH gone, which encodes AHAS III, is turned on, its transcription activity is used to enhance the expression of the leuABCD operon mediated by the proposed interaction between these two operons. This coordinated gone expression may be crucial for cellular survival when the growth conditions have deteriorated.
Gone expression coordination between two head-tohead divergently arrayed genes in a pair is apparently not limited to prokaryotes. An increasing number of head-tohead divergently expressed gene pairs have been discovered in eukaryotes. Examples are the ~1 and a2 collagen genes (Heikkila et al., 1993) , the dihydrofolate reductase gene and the human homolog of the bacterial routS gone (Shinya and Shimada, 1994) , the Wilm's tumor Wtl and wit-1 genes (Eccles et al., 1994; Campbell et al., 1994a) , and human breast/ovarian cancer BRCA1/1A1-3B genes (Miki et ai., 1994; Campbell et al., 1994b; Brown et al., 1994) . The present study is likely to have an impact on elucidating the regulatory mechanism of these gone pairs. In addition, the long-range interaction due to activation of a transcription unit may have significant effects on other aspects of DNA functions. The current study demonstrates just such a long-range interaction due to transcription activation of a distant promoter. This long-range effect is at least in part due to DNA supercoiling changes as demonstrated by the involvement of TopA. It will be interesting to investigate whether this long-range interaction exists in eukaryotic cells and whether DNA topoisomerases also participate in the fine tuning of gone regulation during coordinated gone expression.
Experimental Procedures
Plasmid Constructs
The plasmid constructs used in this study are summarized in Table  1 . pWU805 contains the entire insert of pWU804, except that 87 bp is deleted from the insert so that tile ilvlH promoter is no longer present in pWU805. The precise deletion was carried out using polymerase chain reaction (PCR). The BamHI-Hindlll-restricted PCR product was then subcloned in pWU800 to produce pWU805, pWU806 was constructed by replacing the BamH-Scal small fragment of pWU805 with the HindllI-Scal small fragment of pWU701 that contains the 228 bp lac promoter sequence. Therefore, pWU806 can be viewed as a plasmid derived from pWU701 (Tan etal., t994) . In pWU806, the 1.9 kb intervening DNA sequence upstream of both the ilvlH and leu-500 promoters is used to extend the distance between the lac and leu-500 promoters of pWU701. All plasmid constructs were verified by DNA sequencing.
Bacterial Strains
CH582 is a zttopA2726 leu-500 ara9 derivative of S. typhimurium LT2. CH601 containing the wild-type topA locus is the parental strain of CH582 (Richardson et al., 1984) . CV468 is a wild-type S. typhimurium LT2 strain that contains a wild-type topA locus and a wild-type/eu promoter (Margolin, 1963) . Bacteria were cultured at 32°C with aeration in the synthetic medium SSA (Calvo et al., 1969) . Leucine and antibiotics were supplemented as required (leucine at 40 p.g/ml; ampicillin at 50 #g/ml; tetracycline at 10 p.g/ml). Plasmids were transformed into bacteria by electroporation. Since S. typhimurium does not contain the regulatory system of the lac operon, pSO1010 is used to provide the lac repressor exogenously (Oehler et al., 1990) . IPTG was added to a final concentration of 1 mM 1 hr prior to cell harvest, as required in some experiments.
RNA Isolation
RNA was isolated from freshly inoculated cultures in log phase of growth (optical density at 650 nm of 0.8) as previously described (Tan et al., 1994) , Concentration of RNA was determined by absorbance at 260 nm. Total RNA (100 ~g) was used in each primer extension reaction.
Primer Extension
Four primers were used in this study. A pBR322 Hindlll clockwise primer (30-mer; New England Biolabs primer number 1245) was used to detect transcription activity of the plasmid-borne leu-500 promoter, a pBR322 EcoRI clockwise primer (30-mer; New England Biolab primer number 1238) to detect transcription activity of the plasmid-borne ilvlH promoter, a synthetic DNA oligomer (25-mer; 5'-TCTGGGTGAGACAA-AACAGGAAGGC-3') to detect transcription activity of the bla promoter, and a synthetic DNA oligomer (25-mer; 5'-CGGGTACCGAGCTC-GAATTCGTAAT-3') to detect transcription activity of the lac promoter. The primers were end-labeled with [~,-32P]ATP using T4 polynucleotide kinase and used for primer extension analysis as previously described (Tan et al., 1994) .
